In order to study the effects of biofertilizers and zinc on yield, nodulation state and fatty acids composition of soybean, factorial experiments were conducted using a randomized complete block design with three replications during 2013 and 2014 cropping seasons. Experimental factors included nano zinc oxide in four levels: without nano zinc oxide (Zn0) as control, application of 0.3 (Zn1), 0.6 (Zn2) and 0.9 (Zn3) g L -1 , and five biofertilizers levels: no biofertilizer (B0), seed inoculation by Bradyrhizobium japonicum (B1), B. japonicum + Azosprillum lipoferum strain OF (B2), B. japonicum + Pseudomonas putida strain 186 (B3) and B. japonicum + A. lipoferum strain OF + P. putida strain 186 (B4). The results showed that maximum number of nodules per plant (16.55) and grain yield (1875 kg ha -1 ) were recorded at the application of biofertilizer and nano zinc oxide as Zn3B4. The highest dry weight of nodules per plant, the number of pods and grains per plant were obtained in application of nano zinc oxide as Zn3 and biofertilizers as B4. Oil and protein content increased through the application of biofertilizers and nano zinc oxide. The maximum oil content was obtained by applying 0.9 g L -1 nano zinc oxide and inoculation as B4. The saturated fatty acids (palmitic and stearic acids) declined by inoculation with biofertilizer in comparison with the control, while unsaturated fatty acids (linoleic, linolenic and oleic) were increased. Results showed that both application of biofertilizer and 0.9 g L -1 nano zinc oxide (Zn3B4) increased grain yield by about 68% in comparison with Zn0B0. Based on the results, it was concluded that co-inoculation with B. japonicum + plant growth promoting rhizobacteria and nano zinc oxide application can be recommended for profitable soybean production.
Introduction
Soybean (Glycine max (L.) Merr) is one of the most important oil seed crops in the world. It contains 18% to 22% oil, highly desirable in diet and has 40% to 42% protein. It is native to parts of Asia. In warmer Mediterranean areas, like California, soybean is usually planted in the autumn. In cooler Mediterranean areas, like central Italy, it is planted in the spring (Ali, 2010) . Zinc (Zn) foliar application (Heidarian et al., 2011) and seed inoculation with biofertilizers such as plant growth promoting rhizobacteria (PGPR) and Bradyrhizobium (Oscar et al., 2014) , are important effective factors in increasing soybean yield and nodulation.
Legumes fix atmospheric nitrogen due to the relationship that exists between legume plants and a group of soil bacteria commonly known as rhizobacterium. This symbiotic relationship allows the bacteria to live on the roots of the legume plant, consuming carbohydrates from the plant and providing the plant with nitrogen that the bacteria convert into plant-usable form. Without these beneficial bacteria, legumes cannot fix nitrogen. In order to insure good nitrogen fixation by the legume, it is necessary to inoculate the legume with the proper strains of bacteria prior to planting the seeds. Oscar et al. (2014) reported that the nitrogen demand of soybean can be supplied via biological nitrogen fixation through the inoculation with the selected Bradyrhizobium japonicum and PGPR. Especially, in soils where the soybean crop has not been grown previously, compatible populations of Bradyrhizobia are seldom available (Abaidoo et al., 2007) .
PGPR are a group of bacteria that actively colonize plant roots and promote growth when added to seeds, roots or tubers (Wu et al., 2005) . Examples from the literature have shown the capacity of some plant growth promoting rhizobacteria (PGPRs) to modify nodule formation or even biological nitrogen fixation when they are co-inoculated with rhizobacterium. Some mechanisms used by rhizobacterium to alter nodule formation or biological nitrogen fixation are the release of phytohormones such as auxins, gibberellins, cytokinins and ethylene (Bashan, deBashan, 2010) , and/or systemic induction of secondary metabolites. Linu et al. (2009) reported that inoculation with phosphate solubilizing bacteria improved nodulation, root and shoot biomass of the crop. Studies carried out by Oscar et al. (2014) clearly revealed that co-inoculation of Bradyrhizobium and PGPR microorganisms significantly improved nodulation of soybean, and its growth and yield components as compared with the sole application of Bradyrhizobium.
Zn is considered as the most limiting factor in producing crops at different parts of the world. Babaeian et al. (2011) indicated that Zn deficiencies are common in 30% of the global soils. Soybean is sensitive to Zn deficiency, which is needed for chlorophyll formation, nodulation, growth hormone stimulation, lipid and protein metabolism, carbohydrate synthesis, enzymatic activity and reproductive processes (Thenua et al., 2014) . It plays a vital role in photosynthesis, synthesizing RNA and DNA, synthesis of auxins, nitrogen fixation and production of biomass (Kobraee et al., 2011) . Low solubility of Zn in soils rather than low total amount of Zn is the major reason for the widespread occurrence of Zn deficiency problem in crop plants. Recent research has shown that a small amount of nutrients, particularly Zn applied by foliar spraying significantly increases the yield of crops (Sarkar et al., 2007) . Nano particles with small size and large surface area are expected to be an ideal material for use as a Zn fertilizer in plants. Currently the use of nano materials provides an important route to release trace elements gradually and in a controlled manner and has found its position and functions in agriculture (Naderi, Liu, 2012) .
Soybean oil composition determines the oil quality. Soybean oil is composed of saturated and unsaturated fatty acids. Major saturated fatty acids are palmitic and stearic, and major unsaturated fatty acids are oleic, linoleic and linolenic (Nacer Bellaloui et al., 2013) . Luís et al. (2013) reported that inoculation with B. japonicum enhances fatty acids content in soybean seeds. Moreover, several studies have shown that foliar application of Zn can significantly increase the quantity and quality of crop yield (Mirzapour, Khoshgoftar, 2006) .
Determination of the effects of biofertilizers and Zn rates on the yield, nodulation, oil and protein contents of soybean is very important to maximize yield and economic profitability of soybean production in a particular environment. Moreover, it seems that there is little investigation about the combined effects of Zn fertilization and biofertilizer on these traits of soybean. Considering the above facts, the present study was undertaken to elucidate the effects of Zn rates and seed inoculation with biofertilizers on the quality and quantity of yield and nodulation of soybean.
Material and methods
Field experiments were conducted during 2013 and 2014 cropping seasons as factorial experiment using a randomized complete block design with three replications. Experimental factors included nano zinc oxide in four levels: without nano zinc oxide (Zn0) as control, application of 0.3 (Zn1), 0.6 (Zn2) and 0.9 (Zn3) g L -1 , and five biofertilizers levels: no biofertilizer (B0), seed inoculation with Bradyrhizobium japonicum (B1), B. japonicum + Azosprillum lipoferum strain OF (B2), Bradyrhizobium + Pseudomonas putida strain 186 (B3) and Bradyrhizobium + A. lipoferum strain OF + P. putida strain 186 (B4). Biofertilizers were isolated from the rhizospheres of soybean by Research Institute of Soil and Water, Tehran, Iran. The used nano zinc oxide had the average particle size less than 30 nm and special surface of particles was more than 30 m 2 g -1 . The area is located at 38°15ʹ N latitude and 48°15ʹ E longitude with an elevation of 1350 m above mean sea level. Climatically, the area is situated in the wet zone with moderate winter and hot summer in north-western Iran. The experiment was carried out on the soil with a texture of silty loam, Haplic Cambisol according to World Reference Base (WRB, 2014) , with pH about 8.24, total organic C -5.27 g kg -1 soil, Zn -32 mg kg -1 and electrical conductivity (EC) about 2.3 ds m -1 . All phosphorous (75 kg ha -1 in the form of super phosphate) and potassium (75 kg ha -1 in the form of potassium sulphate) fertilizers were applied as basal dose at the time of seedbed preparation. Mean temperature and precipitation during 2013 and 2014 are presented in Figure. Irrigation, weeding and all other agronomic practices except those under study were kept normal and uniform for all treatments. Equal amount of nitrogen fertilizer as starter (30 kg ha -1 ) was broadcast by hand at planting. In each plot there were 5 rows 4 m in length. The plots and blocks were separated by 1 m unplanted distances. Seed placement was done by hand in individual hills at inter-row and intra-row spacing of 60 × 4.8 cm. The seeds of the soybean (Glycine max (L.) Merr) variety 'Telar' were planted on 13 th and 19 th of May 2013 and 2014, respectively. For inoculation, the seeds were coated with gum Arabic as an adhesive and rolled into the suspension of bacteria until uniformly coated (Seyed -1 just before planting. Two seeds were sown per hill and at the 4-5 leaf stage thinned to one plant per hill. The field was immediately irrigated after planting. In each experimental plot, two beside rows and 0.5 m from beginning and ending of planting lines were removed as margin and measurements were done on three rows in the middle lines. Nano zinc oxide powder was added to deionized water and placed on ultra sonic equipment (100 W and 40 kHz) on a shaker for better solution (Prasad et al., 2012) . BBCH scale was used to score plant growth and development. Foliar application of nano zinc oxide was done at two growth stages -4-6 leaf stage (BBCH 12-13) and before grain filling . In order to study the nodules of root, four pots were sown in each plot. Each pot consisted of four plants. The pots in each plot were removed at harvest, and the soybean plants were uprooted carefully. Roots were washed using slow-running water to remove soil particles and organic debris. After washing, the number of nodules per root system was counted, and their weight was recorded after drying in an oven at 60°C (Namvar et al., 2011) . The plants were harvested at maturity and yield components such as number of pods per plant, number of grains per pod were recorded on 8 randomly selected plants in each plot.
Seed oil and fatty acids were extracted based on AOAC (1990) protocol. Nitrogen concentration in seeds was determined by Kjeldahl analysis. The protein amount was calculated by multiplying the nitrogen concentration by 6.25. For determination of grain yield, three central rows each 1 m long were harvested in each plot. The total grain weight for sampled material was recorded and converted into grain yield (kg ha -1 ). Analysis of variance and mean comparisons were performed using software package SAS. The main effects and interactions were tested using the least significant difference (LSD) test at the 0.05 probability level.
Results and discussion
As Figure shows, precipitation and temperature were generally similar in both growing seasons. Since there were not significant differences found between the two studied years, averaged data of two years were used for statistical analysis. The results indicated that Zn and biofertilizer had significant effects on yield quantity and quality, nodulation state and fatty acids composition of soybean (Tables 1 and 2 ). Moreover, interactions between Zn rates × biofertilizers were significant for the number of nodules, grain yield, oil and protein content and palmitic and linolenic acid amounts.
Number of nodules and weight of nodules per plant. Number and weight of nodules per plant showed significant response to nano zinc oxide and biofertilizer Note. Zn0, Zn1, Zn2 and Zn3 are without nano zinc oxide, application of 0.3, 0.6 and 0.9 g L -1 , respectively; B0, B1, B2, B3 and B4 are without biofertilizers, application of Bradyrhizobium japonicum, Bradyrhizobium + Azosprillum lipoferum, B. japonicum + Pseudomonas putida and B. japonicum + A. lipoferum + P. putida; ns, * and ** show not significant and significant differences at 0.05 and 0.01 probability level, respectively. application. Application of nano zinc oxide as Zn3 increased the number and weight of nodules per plant by 49% and 60.33%, respectively in comparison with Zn0 (Table 1) . It is evident from the literature that the presence of high rates of Zn can accelerate the nodulation and symbiotic nitrogen fixation in legumes (Awlad et al., 2003) . Our study indicated that application of nano zinc oxide had positive effects on nodulation state of soybean. Moreover, inoculated plants showed more number and weight of nodules per plant than non-inoculated plants. Plants inoculated with B4 showed about 8.36, 18.24, 29.26 and 52.24 % higher weight of nodules per plant and 7.18, 17.95, 23.12 and 45.6 % higher number of nodules per plant compared to inoculate by B3, B2, B1 and B0, respectively. Oscar et al. (2014) reported that co-inoculation of Rhizobium sp. with Azospirillum sp. increased the number, weight and nitrogenase activity of root nodules in comparison with single inoculated plants.
The highest number of nodules per plant recorded in both application of biofertilizer and 0.9 g L -1 nano zinc oxide (Zn3B4) and the lowest value of this trait observed in control (Zn0B0) ( Table 3) . Sarawgi and Rajput (2005) reported that soybean growth, nodulation, grain yield and N 2 -fixation ability are often limited by Zn deficiency. They reported that Zn is essential for synthesis of auxins and the increased auxins due to Zn might have increased the number and weight of nodules. These researchers stated that co-inoculation of Bradyrhizobium and PGPR significantly improve nodulation of soybean as compared with the sole application of Bradyrhizobium or PGPR.
Plant growth and some yield attributes. Application of high Zn rates (0.9 g L -1 ) increased the number of filled pods per plant, number of pods per plant and grains per pod by 50.8, 29 and 28 %, respectively in comparison with the control. Plants inoculated with biofertilizer showed higher number of filled pods per plant, number of pods per plant and grains per pod compared to the control plants. Application of biofertilizers as B4 increased the number of filled pods per plant about 12.9, 31.9, 62.4 and 161 % compared to biofertilizer application as B3, B2, B1 and B0, respectively (Table 1) . These results are in line with the findings of Son et al. (2006) who suggested co-inoculation of Bradyrhizobium and PGPR significantly improve yield and yield components of soybean as compared with the sole application of Bradyrhizobium or PGPR.
The number of unfilled pods per plant was 4.89 in the control and decreased to 3.59 in application of 0.9 g L -1 of nano zinc oxide, while the number of filled pods per plant increased through the application of zinc. Increasing number of unfilled pods per plant may be due to the less assimilation in plant for filling of whole pods in low levels of nano zinc oxide application. Biofertilizers application increased significantly the number of filled pods and decreased unfilled pods compared to the control Note. Zn0, Zn1, Zn2 and Zn3 are without nano zinc oxide, application of 0.3, 0.6 and 0.9 g L -1 , respectively; B0, B1, B2, B3 and B4 are without biofertilizers, application of Bradyrhizobium japonicum, Bradyrhizobium + Azosprillum lipoferum, B. japonicum + Pseudomonas putida and B. japonicum + A. lipoferum + P. putida; ns, * and ** show not significant and significant differences at 0.05 and 0.01 probability level, respectively. in each plant (Table 1) . Similar results have been reported by Sarawgi and Rajput (2005) .
Our results showed that biofertilizers and Zn application had significant effects on grain yield of soybean. The highest grain yield was obtained in application of 0.9 g L -1 nano zinc oxide due to seed coinoculation by Bradyrhizobium and PGPR which had statistically significant difference with other treatments. Comparing with the non-inoculated treatment (B0), the biofertilizer treatments B4, B3, B2 and B1 increased grain yield by 28, 21.5, 16.3 and 8.5 %, respectively. Similar findings were also reported by Oscar et al. (2014) , who stated that biofertilizer alone or in combination with synthetic fertilizers significantly increased grain yield against the control. Thenua et al. (2014) stated that higher nutrient availability and favourable soil conditions due to Zn usage could be a possible reason for grain yield increasing. Stimulation of different crops growth by rhizobium bacterial inoculation has also been demonstrated by other studies both in laboratory and field trials. For example, it was reported that soybean yield increased by up to 48% for inoculated compared with non-inoculated plants (Egamberdiyeva et al., 2004) . It has been reported that biofertilizers not only provide zinc, but also produce a variety of growth-promoting substances like; indole acetic acid, gibberellins and vitamins B (Oscar et al., 2014) . In the same line, Geeta et al. (2008) noted that Zn is one of the essential components of nitrogenase enzyme, which might have increased the leghaemoglobin content, number of nodules and weight of nodules per plant and grain yield.
Quality parameters. Oil content in seeds was progressively increased with increasing levels of Zn up to 0.9 g L -1 nano zinc oxide. Application of 0.9 g L -1 nano zinc oxide increased oil content about 16.8, 15.4 and 12.5 % in comparison with Zn0 (control), Zn2 and Zn1, respectively, but no significant difference was between Zn3 and Zn2 (Table 2) , while protein content increased with increasing levels of nano zinc oxide. Namvar et al. (2011) reported that seed inoculation with Rhizobium increases nodulation, nitrogen uptake and could be a possible reason for increasing of protein content and yield parameters of legume crops.
Plants inoculated with biofertilizers showed higher seed oil content compared to the control plants. Thus inoculation with B4 induced a 16.8% increase of oil content compared to the control (Table 2 ). Mean comparison showed that both inoculation and Zn application induced an increase of oil content. Application of biofertilizer as B4 and 0.9 g L -1 nano zinc oxide (Zn3B4) showed the highest oil content (17.5% increase over control) and in B3, B2 and B1 (about 13, 15 and 15.4 % increase over control) plants in the same nano zinc oxide level, respectively. In support to our finding, Luís et al. (2013) reported that inoculation with Bradyrhizobium japonicum enhances the organic and fatty acids content of soybean seeds.
Soybean oil is composed of saturated and unsaturated fatty acids. The fatty acid composition (saturated and unsaturated) of the oil extracted from soybean samples is shown in Table 2 . Effects of nano zinc oxide rates on fatty acid composition were significant. Linoleic acid (C18:2) was the most abundant fatty acid, ranging between 47.56% and 50.34%, followed by oleic acid (C18:1) and linolenic acid (C18:3), with contents of 19.27-22.88% and 3.25-4.37% in various levels of nano zinc oxide. The amount of palmitic acid (C16:0) and stearic acid (C18:1) were 11.27-12.4% and 3.25-4.37%, respectively (Table 2) . These ranges were similar to those reported by Yin et al. (2005) in soybean.
Results showed that application of 0.9 g L -1
nano zinc oxide increased linoleic acid content about 5, 3.1 and 1.4 % compared to application of Zn0, Zn1 and Zn2, respectively. Inoculation with biofertilizers as B4 induced an 8.2% increase in linoleic acid content compared to B0 or control. Means comparison indicated that application of biofertilizers as B4 and nano zinc oxide as Zn3 (Zn3B4) increased linoleic acid content by about 19.6% in comparison with Zn0B0 (Table 3) . Oil fatty acid composition varies according to the environmental conditions (Roche et al., 2006) . Subedi and Ma (2009) found that lack of assimilate supply could result in a dramatic decline in grain weight and its composition such as protein and oil. The saturated fatty acids (palmitic and stearic acids) declined in seed inoculation with biofertilizers than the control, while unsaturated fatty acids (linoleic, linolenic and oleic acids) increased. As shown in Table 1 , inoculation with biofertilizers as B4 decreased content of palmitic acid (about 1.9% than control) and stearic acid (about 14% than control). Luís et al. (2013) reported that inoculation with biofertilizers enhances unsaturated fatty acids content of soybean seeds.
Conclusions
1. Application of biofertilizers and zinc plays an important role in yield quantity and quality of soybean. So, the highest weight of nodules per plant, the number of pods and grains per plant, oil content were obtained through the application of high amounts of Zn and coinoculation of Bradyrhizobium japonicum + plant growth promoting rhizobacteria (PGPR).
2. The saturated fatty acids (palmitic and stearic acids) declined in the seeds inoculated with biofertilizer than the control, while in unsaturated fatty acids (linoleic, linolenic and oleic) were increased.
3. It seems that application of suitable amounts of Zn (i.e. 0.9 g L -1 ) and co-inoculation of B. japonicum + PGPR can be recommended for profitable soybean production.
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